The advent of ultrafast laser spectroscopy has allowed entirely new possibilities for the investigation of the ultrafast photophysics of inorganic metal-based molecular complexes. In this review we show different regimes where non-Kasha behavior shows up. We also demonstrate that while ultrafast intersystem crossing is a common observation in metal complexes, the ISC rates do not scale with the magnitude of the spin-orbit coupling constant. Structural dynamics and density of states play a crucial role in such ultrafast ISC processes, which are not limited to molecules containing heavy atoms.
Introduction
The advent of ultrafast spectroscopy some 25 years ago triggered a real revolution in photochemistry and photophysics due to its ability to probe photoinduced processes on the time scale of molecular vibrations [1] . In the study of condensed phase systems (molecules in solution, proteins, materials), an impressive variety of experimental methodologies has been used and developed, such as pump-probe transient absorption spectroscopy in the visible to the infrared spectral ranges [1] , fluorescence up-conversion [2, 3] , non-linear optical techniques (photon echo, transient grating) [4] , and more recently, multidimensional spectroscopies [5] [6] [7] [8] [9] [10] . Many of these have been extended to other spectral ranges, such as the UV for non-linear [11] [12] [13] [14] and multidimensional spectroscopies [8, 9, [15] [16] [17] [18] [19] or the X-ray for transient absorption spectroscopy [20, 21] . All these tools have provided unsurpassed insight into the ultrafast photoinduced chemical dynamics of molecular systems.
The first events upon absorption of a photon by a large molecule is the redistribution of energy among different electronic and vibrational degrees of freedom, which may in some cases, lead to unimolecular reactions such as dissociation, predissociation and isomerization. In addition, intramolecular energy redistribution proceeds via different non-radiative processes, such as internal conversion (IC), i.e. the transition between electronic states of the same spin, intersystem crossing (ISC), which is the transition between states of different spin multiplicities and intramolecular vibration redistribution (IVR), which involves vibrational energy flow from a given vibrational mode (or modes) to others.
In the decades preceding the era of ultrafast lasers, a body of work carried out mainly by static or timeresolved emission spectroscopy with resolutions of the nanosecond or more, lead to the emergence of a number of general empirical rules in molecular photophysics [22] , of which two of the most important ones are: 1. The Kasha rule, proposed in 1950 [23] , and states that photon emission (fluorescence or phosphorescence) occurs in appreciable yield only from the lowest excited state of a given multiplicity. A corollary of Kasha's rule is the Kasha-Vavilov rule, which states that the quantum yield of luminescence is generally independent of the excitation wavelength [24] . This can be understood as a consequence of the tendency -implied by Kasha's rule -for molecules in upper states to relax to the lowest excited state non-radiatively. 2. The heavy atom effect, which is defined by IUPAC as "The enhancement of the rate of a spin-forbidden process (the radiative is called phosphorescence, while non-radiative is called the intersystem crossing) by the presence of an atom of high atomic number, which is either part of, or external to, the excited molecular entity. Mechanistically, it responds to a spin-orbit coupling enhancement produced by a heavy atom" [25] .
As already mentioned, these rules were postulated well before the advent of pulsed femtosecond lasers. In particular, the heavy atom effect implies that the state from which the ISC departs is a quasi-stationary one (i.e., it has developed its stationary wave function). In deriving the ISC rate k ISC , the theory is based on the Fermi golden rule and the Born-Oppenheimer approximation:
Where H SO is the spin-orbit coupling (SOC) constant, v i , v f are the vibrational wave functions of the initial and final electronic states of the ISC transition and ρ is the density of states. The change of spin quantum number that comes about this transition has to be compensated by a rotation of the orbital momentum in order for the total angular momentum to be conserved. This is called first order SOC [26] . When this is not possible, asymmetric vibrations may compensate for the change of spin angular momentum, in which case we speak of second order SOC.
In this short review, we show that the advent of ultrafast spectroscopies calls for a revision of the above empirical rules.
Experimental strategies
The first developed and most commonly used technique in ultrafast spectroscopy is the pump-probe scheme, which is basically an extension to ultrashort times of the traditional flash photolysis technique [27, 28] . In this scheme ( Fig. 1 ) a first (pump) pulse excites the system, triggering a photophysical or photochemical process, and a second (probe) pulse interrogates the evolution of the excited state (or states) by absorption to higher states or by stimulated emission (SE). Both of these signals may overlap each other, and also the transparency of the sample induced by the pump pulse (called ground state bleach, GSB), if the ground state absorption spectrum is in the same spectral range (Fig. 2) . With the development of non-linear optics it has become possible not only to reach very short pulse durations in the order of a few femtoseconds, but also and most important, to generate ultrashort continua that could be used to probe the dynamics of molecular systems over an extended wavelength range.
As already mentioned, most studies that led to the development of the above empirical rules were based on the study of the emission spectra of molecules. Following the ultrafast evolution of excited states by emission is ideal because it removes the problem of overlapping signals that occurs in transient absorption spectroscopy (Fig. 2) .
The fastest detectors for fluorescence are streak cameras but these reach at best a time resolution of a few picoseconds. To go to shorter times, optical sampling methods such as fluorescence up-or down-conversion are ideal and have been pushed into the femtosecond regime [29] [30] [31] , enabling detection of extremely short lived emission signals. Indeed, even for very short lived excited singlet states, there is a non-zero probability of emitting photons, which can be detected if the time window of the detection is adequately narrow. An important improvement to the technique came with the introduction of CCD cameras coupled to a monochromator, allowing a polychromatic detection and therefore, bringing a significant increase in signal-to-noise and speed of data acquisition [32] [33] [34] [35] . Figure 3 shows a sheme of our set-up. The fluorescence is collected by wide-angle optics and focused onto a non-linear crystal in which it is mixed with a so-called, gate pulse, whose time delay with respect to the pump pulse is controlled by an optical delay stage. The intensity of the signal resulting from the sum-(or difference-) frequency of the gate pulse with the fluorescence is then recorded as a function of the delay time between pump and gate pulses. Figure 4 illustrates the capability of our set-up showing how the entire emission spectral profile can be recorded at each time delay. We have extended its detection to the mid-IR [37] and to the UV around 300 nm [33] . The absorbance (or optical density) of the excited sample minus that of the unexcited is plotted as a function of probe wavelength. Depopulation of the ground state (S0) leads to a decreased absorbance (or increased transparency), which is due to the ground state bleach (GSB). Excited state absorption (ESA) gives rise to an increased absorbance, while stimulated emission (SE) gives rise to a decreased absorbance, just as GSB. Fig. 1 : Principle of the pump-probe experiment: A first laser (pump) pulse excites the sample at time t = 0. A second (probe) laser pulse, whose time delay Δt can be tuned with respect to the pump pulse, records the evolution of the system at a given configuration. In this short review, we mainly focus on our results from a combination of ultrafast and steadystate emission studies, and the way they allow us to revisit the above empirical rules in molecular photophysics.
The Kasha rule Non-Kasha rule behavior
Few cases of the violation of the Kasha rule exist, and a well-documented example was first reported in 1955 for azulene [38] and confirmed by more recent studies [24, 39] . The classical explanation is that the S 1 and S 2 states lie sufficiently far apart that fluorescence is observed mostly from S 2 . Other examples concern the pyrenes [40, 41] and naphthalene [41, 42] . All these molecules are relatively small size polyatomics. As the number of degrees of freedom of the molecule increases and with it, the density of states, one expects the Kasha rule to be more strictly observed.
At the end of the 1990s, we reported on a striking violation of the Kasha rule in the extreme case of the C 70 molecule trapped in neon matrices at low temperatures [43] [44] [45] [46] . As can be seen from Fig. 5a , fluorescence of both S 1 (A 2 ′) and S 2 (E 1 ′) states is observed for excitation at energies above the latter, while exciting the S 1 state yields only its own fluorescence (Fig. 5b) . The transition between S 1 (A 2 ′) and the singlet A 1 ′ ground state is orbitally forbidden, but it can gain some intensity via Herzberg-Teller coupling. On the other hand, S 2 (E 1 ′) is dipole allowed to the ground state. Its fluorescence was attributed to the fact that it lies 165 cm -1 above the S 1 state, which is less than the smallest vibrational quantum of the molecule (∼200 cm -1 ) so that energy cannot be converted into vibrational energy of the molecule, thus creating a bottleneck to intramolecular non-radiative relaxation. This represents the largest molecule for which the Kasha rule is violated. By ultrafast fluorescence studies using a streak camera with 20 ps time resolution, it was found that S 2 predominantly decays to S 1 by non-radiative relaxation in about 0.5 ns [46] . Our studies of the C 60 in neon and argon matrices at low temperatures also showed steady-state emission from the three lowest singlet states, all of which are dipole-forbidden to the ground state, and are within 100 cm -1 from each other. Despite this small gap, which could be bridged by the activation of phonons in the rare gas lattice, the S 3 state was found to decay to the lower S 1 /S 2 states, in 170 ps in Neon matrices and 70 ps in argon matrices.
In inorganic photophysics, there are a number of instances of non-Kasha behavior, for example, the (2-ferrocenyl)indene complex [47] , or a Re(I)-bisthiazole complex [48] . In these cases, the violation of the Kasha rule has been associated to photoisomerization that leads to isomers with different emission characteristics. Another manifestation of non-Kasha behavior is the case of dual fluorescence between thermally equilibrated states in Ir(III) and Pt(II) complexes [49] [50] [51] [52] [53] . However, at room temperature the excited states are in thermal equilibrium and the "non-Kasha" behavior is masked by a single lifetime and a broad emission band. Temperature-dependent studies are then essential to identify the manifestation of non-Kasha behavior, as in the above case.
Intermediate cases
As already mentioned, with improvements of the fluorescence up-conversion method, it became possible to capture weak emission signals from higher lying states. Over the past few years, we documented a number of cases, especially among coordination chemistry complexes, where emission from higher lying electronic states was observed [54] [55] [56] . The cases of halogenated rhenium-carbonyl complexes [54] , and more so of the osmium complex Os(dmbp) 3 (dmbp = 4,4′-dimethyl-2,2′-biypridine) in ethanol [56] are examples where we detected intermediate 10-50 ps lived emissions. In the latter case, it was due to a higher triplet state lying at an energy ∼2000 cm -1 above the lowest triplet state whose phosphorescence decays in 25 ns, due to a quantum yield of ≤ 5.0 × 10
The occurrence of such intermediate emissions imply that a weak proportion of population reaches the ground state bypassing the lowest electronic excited state. Although, they represent a violation of the KashaVavilov rule, it is a mild one. Indeed, if we assume a typical pure radiative lifetime of microseconds for the triplet state, it corresponds to an emission quantum yield of 10 -6 for such states, and they would indeed not be observable under steady-state detection conditions.
Relaxation at sub-vibrational time scales
At the other extreme is the observation of a fluorescence that mirrors the absorption band of the lowest excited state at the shortest time delays, i.e., within the pulse width of the pump laser, and regardless of the excitation energy. This is the case in Fig. 4 and it is better depicted in Fig. 6 [57] and were found to be independent of the solvent, symmetry of the complex and initially excited S n state. The mirror profile of the emission implies that it occurs from a thermalized state, which seems paradoxical. The lowest singlet fluorescence in Ru-and Fe-polypyridine complexes is found to be very short-lived ( < 40 fs) [57] . In order to reach the S 1 state, the system has to relax the excess energy via electronic (internal conversion, IC) and vibrational levels (intramolecular vibrational redistribution, IVR). Taking its lifetime as an internal clock, this implies that the IVR/IC processes occur in < 10 fs [57] , i.e., on sub-vibrational time scales! It should however be stressed that thermalization is only with respect to the high frequency Franck-Condon modes that make up the modulations of the absorption band (Fig. 6) . These modes dump their energy on a sub-vibrational time scale into the bath of low frequency, optically silent modes, in a fashion akin to a critically damped oscillator. When however, higher S n states are excited, these very fast relaxation processes must take place in a strongly non-Born-Oppenheimer fashion for the IC to occur, probably involving conical intersections between excited state potential surfaces. These results also imply that IC/IVR within singlet states precedes ISC.
The idea of dumping the energy into low frequency, optically silent modes is difficult to verify in the above examples because the singlet lifetime is too short, but we verified it in the case of organic dyes, such as 2,5-diphenyloxazole (PPO) and para-terphenyl (pTP), pumped with a large excess of vibrational energy [36] . It was observed that at zero time delay, the mirror image of the fluorescence with respect to the lowest absorption band, is already present but it is structure-less. Thereafter, vibrational cooling of the low frequency modes and/or solvation dynamics occur on the time scale of several ps, leading to a structured fluorescence spectrum, identical to the steady-state spectrum.
In conclusion, the observation of a mirror image fluorescence to the absorption of the lowest singlet state at the shortest time delay does not imply ultrafast cooling, except for the high frequency Franck-Condon modes, because the excess energy is redistributed into low frequency ones. ) [33] and in the case of a whole series of Ru-and Fe-polypyridine complexes [57, 58] , the decay of the 1 MLCT ( < 40 fs) fluorescence is reflected in the rise of the 3 MLCT state. Such ISC times are the shortest ever reported. Further investigations with various transition metal complexes showed completely erratic trends with respect to the value of the SOC of the metal atom, contrary to the expectations based on the above IUPAC definition of the heavy atom effect. This is clear from Table 1 , which shows the ISC times we measured for various Fe, Ru, Pt, Re, and Os complexes [33, [55] [56] [57] [58] 62] , in particularly: a) the ISC rate between the lowest singlet and triplet states of a diplatinum complex (Pt 2 POP) was found to lie in the 10-30 ps range and to be solvent-dependent! [55] ; b) In complexes such as [Re(L)(CO) 3 (bpy)]n + (for L = Cl, Br, I, n = 0; for L = Etpy = ethylpyridine, n = 1), the ISC times (100-150 fs) are significantly longer than in the Fe or Ru complexes, but remarkably, they decreased in the sequence I-Br-Cl, in what appears as an inverse-heavy atom effect [54] . We also found a linear correlation between the ISC times and the Re-halogen stretch frequency for these complexes (Fig. 7) , suggesting that structural changes mediate the spin transition.
Deviations from the heavy atom effect
The comparison between the Fe, Ru, Pt, Re, Ir and Os complexes also underlines the importance of the density of states. For example, Os(dmbp) 3 showed slower ISC times (Fig. 8) than Os(bpy) 2 (dpp), which has a higher density of electronic and vibrational states as seen from its absorption spectrum [56] (dmbp is 4,4′-dimethyl-2,2′-biypridine, bpy is 2,2′-biypridine, and dpp is 2,3-dipyridyl pyrazine). Thus, the IUPAC definition of the heavy atom effect needs to be revised. If a high spin-orbit coupling (SOC) constant is a necessary condition, it is not a sufficient one and other parameters, such as density of states, crossings of potential surfaces and structural rearrangements play an important role. In a way, it is like in electron transfer reactions: even if a large driving force is present, this does not mean an ultrafast electron transfer if the potential surfaces are weakly coupled or do not have the right crossings.
The rationale behind the observations reported in Table 1 , and several ones from the literature, is the dynamical aspect of ISC rather than the steady-state one embodied in eq. 1. That is, the system explores regions of its configuration space and reaches the points in space where ISC is most favorable. The probablility of such events is, of course, enhanced when the density of states is higher. This is well described in ref. [64] MLCT state. The two panels show the time series of the relevant excited state energies for the two trajectories discussed in the text. Singlet excited states (7 in total) are represented by gray dashed lines, triplet states (7 in total) by red continuous lines. The driving state is highlighted with blue circles. Analyzed crossings between singlet and triplet states (see ref. [64] ) are represented by filled circles with the following color coding: white = weak, gray = medium, and black = optimal SOC strength. Reproduced from ref. [64] . and shown in Fig. 9 . In this respect the above example with diplatinum complex shows that when the density of states is very low and crossings are unfavourable between states of different multiplicity, then the system develops a steady-state wave function, which then decays by ISC according to eq. 1.
The most remarkable ultrafast spin transition is in the case of Fe(II) spin cross-over complexes such as the above mentioned Fe(bpy) 3 , which undergoes a ΔS = 2 transition from the 1 MLCT state to the lowest lying excited state of quintet character, 5 T, in < 150 fs (Table 1) . We suspect that the origin of such ultrafast spin transition, which by the way also occur in Fe(II) porphyrin systems [65] , may be mediated by an electron transfer between ligand and metal.
Ultrafast ISC also occurs in molecules containing light atoms, and there, the dynamical and energy degeneracy aspects of spin transitions are the key parameters, as was beautifully illustrated by Stolow and co-workers in recent ultrafast photoelectron studies on SO 2 [66] and cyclic α, β-Enones [67] , in the gas phase. In the first case, they reported ISC from the mixed 1 B 1 / 1 A 2 states to the 3 B 2 state on time scales of 750 to 150 fs, depending on the excitation energy. These were rationalised by Gonzalez and co-workers [68] using ab initio molecular dynamics simulations. It was found that a strong elongation of the SO bonds and a small bending are pre-requisites for the ultrafast ISC. In the second case, it was found that upon singlet state excitation of 2-cyclopentenone an ISC occurs within 1.2 ps to the lowest triplet manifold, which was explained by a high SOC over an extended region of high singlet-triplet degeneracy explored by the system during its dynamics.
Conclusions
The increased sensitivity of detection schemes for steady-state fluorescence allows the unravelling of new cases where the Kasha Rule is violated and here we have presented the largest ever molecule that violates it in the case of the C 70 molecule. The developments in ultrafast fluorescence spectroscopy also allow the detection of the emission from higher states with very low fluorescence yields. Finally, these new capabilities unravel new regimes of intramolecular dynamics (IC, ISC, IVR) in molecular systems. In particular: a) IVR from high frequency modes and IC can occur at sub-vibrational time scales; b) ultrafast ISC rates do not scale with the SOC of the "heavy-atom"; c) high ISC rates also occur in systems consisting of light atoms; d) ISC rates compete with IC rates in the regime of ultrafast dynamics; e) density of states and dynamical exploration of the configuration space are important parameters in ultrafast ISC events; f) the heavy-atom effect applies only in the steady-state regime, i.e., on time scales of ns or longer.
